Abstract: We herein report av isible-light-mediated heterogeneous [4+ +2] annulation of N-cyclobutylanilines with alkynes catalyzed by self-doped Ti 3 + @TiO 2 .T he self-doped Ti 3 + @TiO 2 is stable under photooxidation conditions, easy to recycle, and can be used multiple times without appreciable loss of activity.E xtensive mechanistic studies suggest that the annulationr eaction is mediated by singlet oxygen,
Introduction
Since Fujishima and Honda's landmarkw ork on discovering TiO 2 'sa bility as ap hotochemical water-splitting catalysti n 1971, [1] TiO 2 has been developed into am ajor class of photocatalysts for av ariety of applications ranging from water splitting to detoxificationo fw ater.
[2] The popularity of TiO 2 as ap hotocatalysti sd riven by some of its exceptional features, such as earth abundance,s tability,a nd non-toxicity.U nfortunately, since pure TiO 2 (anatase phase) has ab and gap of 3.2 eV,i ts photoactivation can be achievedo nly by ultraviolet (UV) light. This shortcoming has certainly limitedp ure TiO 2 'sa pplications, particularly in catalysis, as functional group compatibility and chemoselectivity under UV light is generallyw orse than lowerenergy visible light.
[3] An umber of methods have been developed to narrow the band gap to the level that can be overcome by visible light. [4] Among them, doping proves very effective for narrowing the band gap by producing extra energy states within the band gap. [5] Compared to doping by addition of af oreign metal or nonmetal element to TiO 2 ,s elf-doping by partial reduction of TiO 2 to generate Ti 3 + ions or oxygen vacancies providesana lternative and potentially better approach for conversion of TiO 2 to av isible-light photocatalyst. [6] Feng's group has developedasimple, economical,a nd one-step methodf or self-doped Ti 3 + @TiO 2 . [7] High-quality,u niform selfdoped Ti 3 + @TiO 2 with at unable concentration of Ti 3 + ions or oxygen vacanciesc an be easily obtained.S ince the Ti 3 + ion is buried inside TiO 2 ,i ti ss table upon exposure to air and water under light irradiation. Thes elf-doped Ti 3 + @TiO 2 has also been shown highly thermo-and photostable. These features are all critically important for catalysis applications.N ot surprisingly, the developeds elf-doped Ti 3 + @TiO 2 materials were used successfully to catalyze water splitting [8] and CO 2 reduction [9] under visible-light irradiation. Encouraged by the initial success of self-doped Ti 3 + @TiO 2 as visible-light photocatalysts,w es tarted to investigate its use to catalyzeo rganic reactions. TiO 2 ,w hich is arguably the most studied semiconductor photocatalyst, is also appealing to synthetic chemists for the same reasons( earth-abundant,s table, and non-toxic) that others find TiO 2 attractive. Equally importantly,T iO 2 is used as ah eterogeneous catalyst, which makes its recyclingt rivial.M oreover,s ince TiO 2 -catalyzed reactions occur at the semiconductor/liquid interface, ample evidence from the literature suggests different reactivity and/or pathways between homogeneous and heterogeneous reactions can occur for the same substrates.
[10] Despite all the advantages possessed by TiO 2 ,i ts use as photocatalysti no rganic synthesis has remained limited.
[3] Early work on TiO 2 'ssynthetic applications mostlyf ocusedo nU V-light irradiation. [3a, 11] Unfortunately,t his work was often plagued by over-oxidation and poor chemoselectivity,a nd thus later refocusedo nw astewater treatment. [12] Now armed with better understanding about how TiO 2 works in photocatalysis [13] and an availability of a large number of visible-light-active TiO 2 , [14] we strongly felt that it might be time to revisit the topic of using TiO 2 to catalyze organic reactions particularly from the angle of visiblelight photocatalysis.
The [4+ +2] annulation reaction of cyclobutylanilines with alkynes was chosen as the first model reactiont oe xamine selfdopedT i 3 + @TiO 2 'sp otential asv isible-light photocatalyst. We developed the homogeneous variant of this reaction in which an iridium complex was used as photocatalyst in 2015 (Scheme 1). [15] To the best of our knowledge,t his work was the first reported example of this type of reaction. Witharelatively unactivated cyclobutyl ring, we werea ble to successfully apply one-electron photooxidation of cyclobutylanilines to the amine radicalc ations to open the ring, producing reactive distonic radicalc ations that underwent the annulation with alkynes. This one-electrono xidation strategy proved to be fruitful and quite general,a savariety of aniline-substituted cyclobutanes successfully underwent the desired opening and thereby broadened the use of cyclobutanes as synthetic building blocks.
We questioned whether the iridium complexc ould be replaced by self-doped Ti 3 + @TiO 2 in the [4+ +2] annulation reaction. In 1986, the Fox group reportedt hat upon UV irradiation, primary amines were converted to imines on bare TiO 2 powder suspended in oxygenated CH 3 CN (Scheme 2). [16, 17] The reaction was proposedt op roceedt hrough two one-electron oxidation steps via amine radical cations. The proposed pathway was corroborated by cyclic voltammetry,w hich revealed two irreversible oxidationw aves presumably corresponding to the two oxidations. The necessity of oxygen in the reactions uggested that it playedacritical role. In this role, oxygen was believed to act as an electron acceptorand thereby minimizeunproductive back-electron transfer in which amine radicalc ations were reducedt ot he startinga mines. O 2 was presumably reduced to superoxide, which is ar eactive oxygen species (ROS). Since O 2 is commonly used as at erminal oxidanti np hotooxidation by semiconductors and ROS play as ignificant role in biology, medicine, and atmospheric chemistry,p hotogeneration of ROS on the semiconductor surface has been studied quite extensively. [12a, 18] In addition to superoxide, 1 O 2 is another ROS that is often suggested to be produced by semiconductor photocatalysis. [19] However,d etection of 1 O 2 in suspension poses various issues.
[20] Twom ain pathways have been proposed for the formation of 1 O 2 .O ne is energy transfer between photoexcited semiconductors and oxygen, [21] the other is hole oxidation of superoxide. [22] Although both pathways have been supported by experimental evidence,i tr emains debatable about which pathway is dominant. Additionally, 1 O 2 has been shown to directly oxidize amines, leading to varioust ypes of products. [23] This poses an interesting and significant question in our proposed studies, whether N-cyclobutylanilines are oxidized by the hole or 1 O 2 .Furthermore, how self-doped Ti 3 + @TiO 2 excited by visible light affects the pathways is another significant question. Herein we report our findings on the [4+ +2] annulation of cyclobutylanilines with alkynes catalyzed by self-doped Ti 3 + @TiO 2 including the viability of Ti 3 + @TiO 2 as visible-light photocatalystand the involvemento f 1 O 2 in the reaction.
Results and Discussion
We chose cyclobutylaniline 1a and phenylacetylene 2a as representative substrates as well as self-doped Ti 3 + @TiO 2 with 16.7 mmol g À1 of Ti 3 + (referred to as "T3") as the photocatalyst initially to optimizet he catalyst system. Using the conditions optimized for the homogeneous annulation except the photocatalystand air rather than anitrogenatmosphere, anegligible amount (3 %) of product 3a was detected (Table 1 , entry 1).
This was not surprising, since oxidation of MeOH on the TiO 2 surfacew as knownt ob ef acile [24] andt hereby might compromise the desired annulation reaction. Examination of other solvents revealed that DMSO and tBuOHw ere the two best solvents, although the latter was slightly better (entries 2-5). The reason why tBuOH was superior to MeOH wasp robably because that it lackshydrogen at the carbon alpha to the oxygen atom, which makes the resulting alkoxyr adical inert towards TiO 2 . [25] Air or oxygen in the air was found to be essential as
Scheme2.Oxidation of primary amines to imines on UV-irradiated TiO 2 . the reactionb arely proceeded under degassing conditions (entry 6). On the other hand, under an oxygen atmosphere, the [4+ +2] annulation reactionw as completely suppressed, and an ew product, endoperoxide wasp roduced instead (entry 7). [26] It is worth noting that the endoperoxide was formed only in an oxygen atmosphere and was not detected under air.C ontrol studies showed that both light and the catalyst were required for the annulationr eactiont oo ccur.V ery little reactionw as observed in the dark (entry 8). In comparison, without the catalyst, although the majority of cyclobutylaniline 1a was consumed (72 %c onversion), product 3a was detected in 9% yield (entry 9).
We anticipated that Ti 3 + concentration in self-doped Ti 3 + @TiO 2 would potentially affect the photoactivity of TiO 2 ,a si t was shown to enhance visible-light absorption. [7] As eries of Ti 3 + @TiO 2 that differs in the concentrationo fT i 3 + weret hen prepared based on our previously reportedm ethods and subsequently examined using the modelr eaction( Ta ble2). We found out that although the Ti 3 + 'sconcentration greatly affected the formation of 3a,i tw as not the sole factor determining the catalyst's reactivity.T he yield of 3a increased initially with the increased concentrationo fT i 3 + (entries 1-3). Then, it decreaseds ignificantly when self-doped TiO 2 with the highest Ti 3 + concentration was used (entry 4). Coincidentally,i no ur previously study of water splittingc atalyzed by self-doped Ti 3 + @TiO 2 with variousc oncentrations of Ti 3 + ,t he optimal TiO 2 did not have the highest concentration of Ti 3 + either. [8] The optimal catalyst for water splitting turned out to be also the best for the annulation reaction (entry 3). It has been suggested that better crystallinity and less defects favor water splitting, while the surfacearea is generally more important than crystallinity for photodecomposition of organic pollutants. [8] Our examination of the self-doped TiO 2 catalysts suggestedt hat in addition to Ti 3 + concentration,o therp arameters of the forming TiO 2 crystals, such as phase, size, crystallinity,B ET surface areas, and defects, may also affect the Ti 3 + @TiO 2 'sp hotocatalytic activity.H owever,m ore mechanistic studies will be required to establish this thesis.F or comparison, we examined commercially available TiO 2 (P25) in the annulation reaction (entry 5). It was inferiort oa ll self-doped Ti 3 + @TiO 2 examined, which strengthened our argument fors tudying self-doped Ti 3 + @TiO 2 to catalyzeorganic reactions.
Substrate scope
Using the optimized conditions (entry 5, Ta ble 1), we examined the scope of cyclobutylanilines and alkynes( Scheme3). The annulation catalyzed by T3 displayed the scope similar to the homogeneous variant catalyzed by [Ir(ppy) 2 (dtbbpy)]PF 6 (ppy = 2-phenylpyridine, dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine),a lthoughs omewhat lower yields (34-85 %) than the latter (42-93 %) were generally observed. Alsos imilart ot he homogeneous variant, the substituents on the N-aryl group were well tolerated.E lectron-donatingg roups (e.g., p-tBu 3a, p-OTBS 3d, and o-Ph 3e), electron-withdrawing substituents (e.g., p-CF 3 3c), and bulky groups (e.g., o-iPr 3f)w ere all amenable to the annulation, as were heterocycless uch as pyridine (3g and 3h). For the other annulation partner,a lkynes, the confinementw as that they had to bear at least one substituent capable of stabilizing radicals (e.g.,P ho rC O 2 Me). The reactivity pattern displayed by alkynes was consistent with intermolecular addition of alkyl radicals to alkynes, one of the key steps in what we proposed for the Ir-catalyzed [4+ +2] annulation asw ell as the one catalyzed by T3 (see Scheme4). However, diphenylacetylene, which was not reactive in the Ir-catalyzed annulation, surprisingly participated in the annulation catalyzed by self-doped Ti 3 + @TiO 2 ,p roviding product 3o in modest yield. This result highlighted the difference of reactivity between homogeneous photocatalysis and semiconductor photocatalysis, as we discussed in the introduction.
Catalyst reuse
Facile separation and repeated use of catalysts are two of the significant strengths that heterogeneous catalysis holds over homogeneous catalysis. To exploit theset wo strengthsi no ur self-doped Ti 3 + @TiO 2 system, we performed the annulation of cyclobutylaniline 1a and phenylacetylene 2a catalyzed by the same batch of T3 forf ive cycles.Ar epresentative procedure of recycling T3 for each run was as follows:a fter 14 ho fi rradiation, the reactiont ube was centrifuged for 5min;t he clear liquid was removed for determinationo fG Cy ield of product 3a;t he solid residue was washed with tBuOH (0.5 mL) three times and then used for the next cycle.T he GC yield of 3a for each cycle was held steady (Figure 1 ), suggesting that there was no appreciable loss of activity for T3 over five cycles. The recycling experiments were also conducted for 6h when the average conversion for five cyclesw as 62 %, and similar GC yields of 3a were obtained (see Supporting Information). To furthers upport this thesis, we took TEM images of T3 before and after the five cycles.T he size, shape, and morphology of T3 changed very little after the five uses (Figures 2a nd 3) , further confirming the stabilityo fT3 as photocatalyst.
Mechanistic studies
Our workingm odel for the [4+ +2] annulation catalyzed by selfdoped Ti 3 + @TiO 2 was similar to the one we previously proposed for the Ir-catalyzed annulation (Scheme 4).
[15] The noticeable changes between the two catalytic cycles were ascribed to the role of O 2 played in the reaction. Singleto xygen, generated by visible-light irradiation in the presence of ap hotosensitizer,s uch as rose bengal or porphyrin derivatives, was shown to oxidize amines to the correspondinga mine radical cations,w hich weres ubsequently converted to synthetically useful intermediates such as iminium ions or alpha-amino radicals. [23] We anticipated that upon visible-light irradiation, selfdopedT i 3 + @TiO 2 sensitizes triplet oxygen to singlet oxygen, which affects the initial oxidation of cyclobutylaniline 4 to Chem. Eur.J. 2017, 23,15396 -15403 www.chemeurj.org 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim amine radical cation 5 in the place of the photoexcited Ir complex. Followingt he oxidation step, the two cycles shared the same elementary steps, such as ring openingo fa mine radical cation 5 to distonic radicalc ation 6,i ntermoleculara ddition of distonic radicalc ation 6 to alkyne, and intramolecular addition of vinyl radical 7 to the iminium ion to form the cyclohexenyl ring. To closet he catalytic cycle, we proposed ac hain process in which the product radicalcation 8 is reduced to the product 9 with concomitanto xidation of cyclobutylaniline 4 to the amine radicalc ation 5.H owever,o ther pathways such as reductiono ft he product radical cation 8 by superoxide or the electron in the conduction band of TiO 2 might also operate to close the catalytic cycle. We also measured the diffuse reflectance spectra of T3 only, T3 complexed with phenyla cetylene 2a,a nd T3 complexed with cyclobutylaniline 1a (see Supporting Information). Compared to the white LED'se mission spectrum, the excitation of T3 or T3 complexed with phenyla cetylene 2a or cyclobutylaniline 1a by the white LED is very reasonable.
As eries of radicali ntermediates werep roposed in the catalytic cycle. In order to lend indirect support of their existence, we decided to chemically probe them. 2,2,6,6-Tetramethylpiperidinyloxyl(TEMPO), ar adical scavenger,s hut down the reaction (Scheme 5a). So did 1,4-cyclohexadiene, ag ood hydrogen donor (Scheme 5a). Both data supported the involvement of radicali ntermediates. Since 1 O 2 was proposed to be the actual oxidanto xidizing cyclobutylanilines and triggering the serial radicale vents, we envisioned that self-doped Ti 3 + @TiO 2 could be replaced by another 1 O 2 photosensitizer,s uch as rose bengal.I ndeed, rose bengal catalyzed the annulation rather efficiently under visible-light irradiation, and afforded product 3a in 64 %y ield (Scheme 5b). On the other hand, DABCO, a 1 O 2 quencher, [27] almost completely inhibited the annulation reaction (Scheme 5a). These two results were consistentw ith our proposed catalytic cycleinvolving 1 O 2 . Although we obtained rather stronge vidence to indirectly support the involvement of 1 O 2 ,t he important roles played by 1 O 2 in av ariety of fields [12a, 18, 19] and complexity of its detection particularly on the semiconductor surface [20] promptedu st o furtheri nvestigate the formation of 1 O 2 .W ef ocused on spectroscopic methods that permit us to detect 1 O 2 .T wo methods, electron paramagnetic resonance (EPR) spectroscopya nd singlet oxygen sensor green (SOSG), [28] were chosen because of their robustness,s ensitivity,a nd especially capability for differentiationo fR OS.2 ,2,6,6-Tetramethylpiperidine (TEMP), as pin trap specifically for detection of 1 O 2 ,w as used in our EPR studies. Twos ets of data over ap eriod of 10 minw ere collected. In the first set, as uspension of T3 and TEMP in tBuOH was irradiated by a8WL ED, and EPR spectra weret hen recorded after 0min, 1min, 5min,a nd 10 min. The signals corresponding to 2,2,6,6-tetramethyl-1-piperidinyloxy( TEMPO), the product of 1 O 2 and TEMP,i ncreased as the time progressed( Figure 4A ). In the second set, cyclobutylaniline 1a was added in addition to T3 and TEMP in tBuOH. EPR spectra were recorded after 0min, 1min, 5min,a nd 10 mini rradiation by the 8W LED. The sig- nals of TEMPO initially grew and then depleted ( Figure 4B ). This observation couldb er ationalizedb yt he following:t he concentration of 1 O 2 grew upon more irradiation and then began to depletew hen it startedt or eact with 1a and/or TEMPO reacted with the radical intermediates in the proposed catalytic cycle (Scheme4). We also performed ac ontrol study in which TEMP in tBuOH without T3 was irradiated. Al ower level of TEMPO was detected, and more importantly,t he intensity of the signals changed little over the time ( Figure 4C) . Overall,the EPR data provided another strong evidence to support the involvement of 1 O 2 . The commerciallya vailable SOSG, [28] Figure 5 ). Unfortunately,t hey all produced fluorescencei ns imilari ntensity that could not be differentiated by the fluorometer.W ea lso performed two control studies:one was T3 with SOSG in the dark, while the other was SOSG withoutt he self-doped Ti 3 + @TiO 2 .T he 1 O 2 generation was negligible in both studies. Again, althought he SOSG studies did not meet our goaltod ifferentiate the TiO 2 samples' efficiency in generating 1 O 2 ,t hey nevertheless unequivocally supported its formation.
Comparison with rose bengal
In our mechanistic studies (vide supra), rose bengal was shown to catalyzet he [4+ +2] annulation reaction in the place of selfdopedT i 3 + @TiO 2 (T3), affording product 3a in slightly lower yield. Since rose bengal is one of the widely used photosensitizers for 1 O 2 generation,t od emonstrate that T3 is am ore efficient and recyclable alternative to rose bengal,w ed ecided to benchmark T3 against the latter in the [4+ +2] annulation reaction. We performed two annulation reactions, and in both cases, T3 gave the productsinh igher yields (Scheme 6).
Conclusion
We have successfully developed ah eterogeneous [ 4 + +2] annulation of cyclobutylanilines with alkynes catalyzed by selfdoped Ti 3 + @TiO 2 .T he substrate scope is comparable to that of the homogeneous variant catalyzed by af ar more expensive iridium complex. Self-doped Ti 3 + @TiO 2 has showne xcellent stabilityu nder the conditions of the annulation reaction. No appreciable loss of activity has been observed after it was reusedt oc atalyze the annulation for five consecutive times. Recycling the self-doped Ti 3 + @TiO 2 is trivial.T he catalysti sc ollected by centrifuge, washed by fresh solvent three times, and then used directly in the next reaction. Mechanistically,w e have conducted aseries of experiments to probe the [4+ +2] annulation. All the data support that upon visible-light irradiation, self-doped Ti 3 + @TiO 2 sensitizes triplet O 2 to singlet O 2 , which then oxidizes cyclobutylanilines to the amine radical cations and initializes the serial radicale vents en route to the annulationp roduct. Interestingly,t he most active self-doped Ti 3 + @TiO 2 does not have the highest concentration of Ti 3 + .S elfdoped Ti 3 + @TiO 2 has been compared favorably against rose bengal as 1 O 2 photosensitizer in terms of efficiency and recyclability.M ore studies on improving the catalytic activity of self-doped Ti 3 + @TiO 2 and developing new reactions are ongoing.
Experimental Section
General procedure:A no ven-dried test tube equipped with as tir bar was charged with Ti 3 + @TiO 2 (2 mg) and N-cyclobutylaniline de- Figure 5 . Fluorescence spectrao fS OSG in the presence of self-doped Ti 3 + @TiO 2 with light, withoutl ight, or in the absence of self-doped Ti 3 + @TiO 2 .
Scheme6.Comparison of self-doped Ti 3 + @TiO 2 againstr ose bengal.
rivative (0.2 mmol), alkyne derivative (0.6 mmol), and tBuOH (2 mL). The test tube was capped with aT eflon screw cap and the reaction mixture was sonicated for 3min followed by irradiation with two LED (18 watts) positioned 6cmf rom the test tube. After the reaction was complete, monitored by TLC, the mixture was diluted with diethyl ether and filtered through as hort pad of silica gel. The solution was concentrated and the residue was purified by silica gel flash chromatography to afford the corresponding annulation products.
